The adhesion of cells to their neighbors determines cellular and tissue morphogenesis and regulates major cellular processes including motility, growth, differentiation, and survival. Cell-cell adherens junctions (AJs), the most common (indeed, essentially ubiquitous) type of intercellular adhesions, are important for maintaining tissue architecture and cell polarity and can limit cell movement and proliferation. AJs assemble via homophilic interactions between the extracellular domains of calcium-dependent cadherin receptors on the surface of neighboring cells. The cytoplasmic domains of cadherins bind to the submembranal plaque proteins β-catenin or plakoglobin (γ-catenin), which are linked to the actin cytoskeleton via α-catenin (Figure 1 ; refs. 1, 2). The transmembrane assembly of cadherin receptors with the cytoskeleton is necessary for the stabilization of cell-cell adhesions and normal cell physiology.
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Malignant transformation is often characterized by major changes in the organization of the cytoskeleton, decreased adhesion, and aberrant adhesion-mediated signaling. Disruption of normal cell-cell adhesion in transformed cells may contribute to tumor cells' enhanced migration and proliferation, leading to invasion and metastasis. This disruption can be achieved by downregulating the expression of cadherin or catenin family members or by activation of signaling pathways that prevent the assembly of AJs. The importance of the major epithelial cell cadherin, E-cadherin (E-cad, the product of the CDH1 gene), in the maintenance of normal cell architecture and behavior is underscored by the observation that hereditary predisposition to gastric cancer results from germline mutations in CDH1.
Loss of E-cad expression eliminates AJ formation and is associated with the transition from adenoma to carcinoma and acquisition of metastatic capacity (3). Reestablishment of AJs in cancer cells by restoration of cadherin expression (4) exerts tumor-suppressive effects, including decreased proliferation and motility. In this Perspective, we discuss the molecular mechanisms underlying the role of the cadherin-catenin system in the regulation of cell proliferation, invasion, and intracellular signaling during cancer progression.
Downregulation of AJ assembly by mutations, hypermethylation, and transcriptional repression of E-cad expression
Mutations in CDH1 that compromise the adhesive function of E-cad have been observed in human gastric carcinoma cell lines, lobular breast cancer, and familial gastric cancer (5) . Certain tumors, for example invasive lobular carcinoma of the breast, and tumor cell lines that display mutations in one allele of CDH1 also acquire a deletion in the other allele, consistent with a two-hit mechanism for the loss of E-cad and suggesting that CDH1 behaves as a classical tumor suppressor gene. While acquisition of loss-of-function mutations and the subsequent loss of heterozygosity are important mechanisms for silencing E-cad expression in tumor cells, progression to the metastatic phenotype can also involve a reversible downregulation of E-cad expression at the transcriptional level, sometimes achieved by methylation of the CDH1 promoter. DNA methylation often causes downregulation of tumor suppressor genes in cancer cells by changing chromatin structure, thereby making the DNA inaccessible for transcription factors and RNA polymerase II (6) . Hypermethylation of the CDH1 promoter has been observed in human breast, prostate, and hepatocellular tumors that carry a wild-type CDH1 gene. This methylation is reversible and can vary according to changes in the tumor microenvironment. For example, Graff et al. (7) found that when primary cultures of human breast carcinoma cells displaying a methylated CDH1 promoter were cultured as spheroids, which requires homotypic cell-cell adhesion, promoter methylation decreased, allowing expression of E-cad. In some cases, for example in patients with hereditary diffuse gastric cancers that carry germline mutations in one allele of the CDH1 gene, the remaining allele is inactivated by DNA methylation (8) . Finally, inhibition of DNA methylation can suppress the initiation of tumor development in a mouse model system for colorectal cancer, suggesting that methylation provides an attractive target for anticancer therapy.
Transcriptional silencing of CDH1 may also result from aberrant expression of transcription factors that repress its promoter. These include snail, E12/E47, and SIP1, which bind to the CDH1 promoter, inhibit E-cad transcription, and induce an epithelial-to-mesenchymal transition (EMT), leading to acquisition of invasiveness (9) (10) (11) (12) . The transcriptional repressor snail, a zinc finger protein originally identified as a regulator of mesoderm formation in developing Drosophila, was recently shown to be also critical for EMT in mouse development. In human carcinoma and melanoma, the expression of snail correlates with the absence of E-cad expression. Forced expression of snail in cultured epithelial cells represses the CDH1 promoter and induces a program of invasive growth characterized by the loss of AJs and the induction of EMT and tumorigenesis (9, 10). Interestingly, the invasive areas of mouse skin tumors express the highest levels of snail, supporting the view that activation of snail confers invasive properties on cells (9) . E12/E47 and SIP1, which also repress the CDH1 promoter, can likewise induce EMT, increase cell motility and invasion, and confer tumorigenicity. Moreover, SIP1 expression is elevated in several E-cad-negative human carcinoma cells (11) . Thus, cancer cells employ reversible or irreversible mechanisms to silence the expression of E-cad.
These mechanisms may contribute to enhanced cancer cell motility and invasiveness. The transcriptional mechanisms involved in downregulation of E-cad are similar to those characteristic of typical stages during embryonic development, when changes in cell adhesion and motility take place. Since the loss of E-cad expression is a common feature in many types of carcinoma, and since E-cad reintroduction into cancer cells reduces invasion and metastasis, cancer therapies targeting the regulation of E-cad expression may offer powerful means to control the spread of cancer. A recent study demonstrated that E-cad mRNA expression and cellcell adhesion are induced in SW480 human colon cancer cells by vitamin D3 (13) . This makes vitamin D3 a potential candidate for treating colon cancer by inhibiting cell growth, similar to its effect on melanoma and soft tissue sarcoma.
Regulation of catenins and AJ assembly in cancer cells
The interaction between the cytoplasmic tail of cadherins with the catenins and the actin cytoskeleton (Figure 1; ref. 2) is critical for the establishment of stable and functional AJs. Catenin mutations that prevent this interaction have been reported in different types of cancer. A homozygous deletion of the α-catenin gene, CTNNA1, leading to loss of cell-cell adhesion, has been found in a human lung cancer cell line (14) . Introduction of wild-type α-catenin into these cells restores normal adhesion. Likewise, AJ formation is blocked in an ovarian carcinoma cell line with a deletion in α-catenin that abolishes binding to β-catenin (15) . Expression of full-length α-catenin in these cells restores their epithelial morphology, reduces their growth rate, and decreases their tumorigenic capacity (15) . Deletions in the α-catenin binding site of β-catenin have been iden-
Figure 1
The dual role of β-catenin in cell adhesion and transcriptional activation. β-Catenin (β) and plakoglobin (Pg) bind to cadherin adhesion receptors, and via α-catenin (α) they associate with the actin cytoskeleton to form AJs. When the Wnt signaling pathway is inactive, free β-catenin is degraded by a complex including glycogen synthase kinase (GSK), adenomatous polyposis coli (APC), and Axin, which phosphorylate β-catenin (PP). This protein complex recruits β-TrCP, which, together with Skp1, Cul1, and the E1 and E2 ubiquitination components, mediates the ubiquitination of β-catenin (Ub) and directs it to degradation by the 26S proteasome. The binding of Wnt to Frizzled (Frz) receptors activates Wnt signaling, and disheveled (Dsh) inhibits β-catenin phosphorylation by GSK. This results in β-catenin accumulation in the nucleus, where it complexes with T cell factor (TCF) and transactivates target genes such as Cyclin D1 and Myc. Modified from ref. 56. tified in a signet ring cell carcinoma of the stomach. In these cells, β-catenin-cadherin complexes are formed, but the lack of α-catenin in these complexes prevents their linkage to the actin cytoskeleton and the assembly of AJs. Moreover, in mice where CTNNA1 is eliminated in the epidermis, AJs are disrupted and the epithelial skin cells display hyperproliferation (16) . This hyperproliferation has been attributed to aberrant adhesion-mediated signaling, indicating that disruption of AJ assembly directly contributes to oncogenesis.
The reciprocal relationship between cadherinmediated adhesion and β-catenin signaling In addition to providing a physical link between cells, the mode of AJ assembly can influence various signaling pathways. A major route for signal transduction by AJs involves the regulation of β-catenin-T cell factor (TCF) signaling. β-Catenin plays a dual role in the cells: In addition to its structural role in AJs, β-catenin can act as a transcription factor in the nucleus by serving as a coactivator of the lymphoid enhancer factor (LEF)/TCF family of DNA-binding proteins (Figure 1 ; ref. 17 ). β-Catenin-mediated transcription is activated by the Wnt pathway, which is crucial during various stages of embryonal development. Activation of Wnt signaling involves the inhibition of β-catenin degradation by the proteasomes, resulting in its nuclear accumulation and transcriptional activation of LEF/TCF target genes (Figure 1) . Mutations in components that regulate β-catenin turnover (e.g., adenomatous polyposis coli [APC] or Axin) (Figure 1 ), as well as N-terminal mutations in β-catenin itself that compromise the protein's degradation, have been found in a variety of human cancers (18) . These mutations cause β-catenin to accumulate in the nucleus and activate target genes in an aberrant manner. Since the interaction of β-catenin with cadherins and LEF/TCF family members is mediated by the same domain (the so-called arm repeat) on the β-catenin molecule, these interactions are mutually exclusive. Thus, recruitment of β-catenin into AJs by elevating the expression of cadherin can decrease its nuclear pool and antagonize β-catenin-LEF/TCF transactivation (19) (20) (21) (22) . β-Catenin can activate genes that stimulate cell proliferation, such as Cyclin D1 (23, 24) and Myc (25), whose promoters contain LEF/TCF-binding sites. Downregulation of β-catenin-LEF/TCF signaling may therefore lead to decreased proliferation, as demonstrated in experiments where cadherin-dependent inhibition of growth was suggested to involve the sequestration of the signaling pool of β-catenin (26, 27) . Another means to antagonize aberrant β-catenin signaling would be to enhance the antiproliferative p53-mediated response.
Indeed, recent studies demonstrate that p53 expression is induced in cells displaying abnormal β-catenin levels (28) . This induction is mediated by the elevation of p19 ARF and is analogous to the cellular response to other oncoproteins, such as Ras and Myc (29) . In addition to growth arrest, cells with aberrant β-catenin signaling show enhanced turnover of β-catenin, again as a result of elevated p53 expression (30-32).
Disruption of AJs releases β-catenin from the AJ pool. When it is not rapidly degraded, β-catenin translocates into the nucleus, where it induces the transcription not only of cyclin D1 and c-myc, but also of a variety of other genes that contribute to cancer progression. These include the ECM protein fibronectin (33) , which contributes to adhesion and motility; the metalloproteinase matrilysin (34) , which stimulates extravasation and metastasis; and the multidrug resistance protein Mdr1 (35) . In colorectal tumors, the central part of the tumor displays high levels of E-cad at the cell membrane that colocalizes with β-catenin. However, at the invasive front of these tumors, β-catenin is localized mainly in the nuclei of dissociated tumor cells that have lost E-cad expression (36) . Interestingly, the loss of E-cad in such cells is apparently reversible and regulated by the tumor cell environment, since metastatic nodes from the same tumor display well-developed E-cad-containing AJs. Thus, the loss of E-cad that causes disruption of cell adhesion and polarity allows tumor cell metastasis, while the translocation of β-catenin into the nucleus might be required to induce the expression of genes that promote cell proliferation and invasion.
Activation of β-catenin signaling also occurs during EMT mediated either by c-Fos or by the IGF II signaling pathway. Tyrosine phosphorylation of β-catenin, which promotes disruption of AJs, also increases the affinity of β-catenin to the TATA-binding protein, a general positive regulator of transcription (37) . Nevertheless, analysis of breast cancer cell lines lacking cadherin expression does not support a correlation between loss of E-cad expression and activation of β-catenin signaling (38) . Additional events, including compromised proteasomal degradation of β-catenin, its tyrosine phosphorylation, and possibly a release from transcriptional inhibition, may be required to activate β-catenin signaling in such cancer cells.
Cross-talk between AJs and growth factor receptors
Growth factors such as EGF, HGF/scatter factor (SF), and FGF can induce the dismantling of AJs and can cause a dramatic change in cell morphology and gene expression in which cells shift from an epithelial to a fibroblastic phenotype and initiate a program of invasive growth (39, 40) . Such growth factors operate via receptor tyrosine kinases, which often localize to sites of AJ assembly, as demonstrated for the EGF and HGF receptors. It is conceivable that these activated growth factor receptors tyrosine-phosphorylate various AJ components, including β-catenin, thereby contributing to the disruption of AJs observed in cancer cells. For example, the poor AJ organization of some Ras-transformed cells has been attributed to enhanced tyrosine phosphorylation of β-catenin (41) , which, at least in vitro, results in its decreased binding to cadherin (42) . Disruption of AJs by HGF stimulation requires, in addition, the activation of phosphatidylinositol (PI) 3-kinase and mitogen-activated protein kinase (MAPK) by HGF/SF, since inhibition of these kinases prevents the disassembly of AJs in these cells (43) . The regula-tion of AJ assembly may also be achieved via phosphorylation by CKII on serine residues of the cadherin cytoplasmic tail, a modification that enhances its binding to β-catenin (44) . Point mutations in the phosphorylation sites of the cadherin cytoplasmic tail have been shown to reduce its binding to β-catenin (44, 45) .
Whereas tyrosine kinase receptor signaling regulates cell adhesion, it is also possible that AJs, in turn, influence tyrosine kinase signaling. The reduction in cell proliferation characteristic of dense cell cultures is mediated, in part, by cadherin-containing AJs that render the cells insensitive to growth factor stimulation. For example, in dense cultures that assemble extensive AJs, liganddependent dimerization and activation of the EGF receptor tyrosine kinase are inhibited (46) . In addition, in cells maintained in a three-dimensional culture system, cadherin-dependent growth inhibition is mediated by the activation of tyrosine phosphatases, which suppress signaling pathways initiated by receptor tyrosine kinases. In such cells, the assembly of AJs prevents the activation of the EGF receptor pathway by TGF-α (47) .
Interestingly, N-cadherin, in contrast to E-cadherin, enhances tyrosine kinase signaling and thus enhances cell motility. High levels of N-cadherin have been found in invasive tumor cell lines (48, 49) . The ability of N-cadherin to enhance cell motility, invasion, and metastasis is apparently due to the activation of FGF receptor signaling and involves its interaction with the extracellular domain of N-cadherin (48, 49) .
Rho GTPases and the regulation of cell-cell adhesion
Small GTPases of the Rho family (Rho, Rac, and Cdc42) are regulatory proteins that coordinate remodeling of the actin cytoskeleton in response to various stimuli (50) . In the active, GTP-bound form, they interact with and activate target proteins that regulate actin polymerization, cell motility, and gene expression. The Rho GTPases are involved in cell transformation, and some of their activators are oncogenes, including Vav, Net, and Dbl (51) . The assembly and maintenance of AJs require the activity of Rho and Rac (52, 53) , and deregulation of these small GTPases in transformed cells has been shown to interfere with cadherin function. For example, in Ras-transformed cells that are inefficient in the assembly of AJs, expression of Tiam1, a Rac activator, can restore AJ assembly and epithelial morphology and can inhibit invasiveness (54) . While the molecular mechanisms by which small GTPases affect cell-cell adhesion are still poorly understood, they likely involve regulating actin cytoskeletal organization and AJ assembly (55) .
Conclusions and future perspectives
The assembly of cadherin-containing AJs is essential for the formation and maintenance of cellular and tissue integrity. In addition to their structural-mechanical function, these junctions play a pivotal role in regulating cellular responses to adhesion-and growth factor-mediated cues, and other environmental signals. The ability of excessive AJ assembly to decrease cell growth and motility is probably related to the action of AJs as tumor suppressors. During cancer progression, cells evade adhesion-mediated regulatory mechanisms by either acquiring mutations in AJ proteins, or inactivating their function by various signaling mechanisms. The loss of AJs in cooperation with deregulation of other pathways leads to enhanced cell proliferation, motility, and, eventually, metastasis.
The mechanisms regulating the assembly of AJs and those involved in cadherin-mediated signaling via β-catenin are poorly understood. Future efforts will probably be devoted to understanding the details of how AJs are disrupted in response to MAPK or PI3-kinase activation and to changes in the activity of the small GTPases of the Rho family. The signaling pathways that repress E-cad expression through the transcription factors snail, E12/E47, and others, as well as their regulation in cancer cells, require further study. These subjects are currently under intensive investigation, and we expect that such studies will provide new information that will allow the identification of novel targets for inhibiting tumor development.
